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EXPERIMENFAL STUDY OF DYNAMICS OF MERCURY-VAPOR CONDENSING
by Roland C. Fisher

Lewis Research Center

SUMMARY

An experimental investigation was conducted to determine the dynamic character-
istics of a single-tube mercury-vapor condenser cooled by gas in crossflow configura-
tion. The dynamic studies employed cycling of the inlet-vapor-flow tate to the con-
denser. Through use of a constant-pressure receiver, the interface location was allowed
to vary freely in response to changes in condensing pressure. Simultaneous responses
of condenser-inlet pressure and liquid-vapor interface position to an approximately si-
nusodial variation in vapor-flow rate about a given quiescent level were obtained. The
response range investigated was primarily between 0. 01 and 1 cycle per second. The
responses were presented in the form of Bode plots.

The condenser was observed to have two distinct regions of operation identifiable by
a high or a low sensitivity of inlet pressure to interface position. The response of
condenser-inlet pressure to vapor-flow rate was observed to be different in each of the
regions. In the low-sensitivity region, the frequency response data of condenser pres-
sure to vapor-flow rate indicated an approximate lag-lead-lag characteristic. In the
high-sensitivity region, the frequency response data indicated an approximate lead-lag-
lag characteristic.

The response of interface position to vapor-flow rate was presented for the region
of low sensitivity of inlet pressure to interface position and also for the transition region
between high and low sensitivity. An approximate overdamped second-order response
was obtained.

The effect of increasing the liquid-pressure drop resulted in the interface response
being moved to lower frequencies.

INTRODUCTION

A knowledge of the dynamic characteristics of liquid-metal-vapor condensers is of



- practical interest in the design of Rankine cycle power-generating systems for space
flight application. Though operation of the condenser at a given design point is generally
intended, excursions or disturbances may occur, such as those due to variations in radi-
ator environment or changes in power input from the turbine. Control modes have been
proposed to nullify these effects (ref. 1). In postulating these control modes, knowledge
of the transfer function form of various condenser variables is necessary, together with
the associated numerical values and approximate variation with change in operating
point. Though a large amount of technical information relative to heat-exchanger trans-
fer functions is available, information is lacking on the dynamics of heat exchangers
wherein metallic vapors are condensed. Accordingly, an experiment on a mercury-
vapor condenser was conducted at the Lewis Research Center to obtain basic dynamic in-
formation on this power system component. Some of the data from this experiment were
reported in reference 2 for the purpose of evaluating a theoretical analysis of condenser
dynamics. The present report is a more detailed presentation of the experimental re-
sults of the program.

The condenser employed for this experiment was designed to permit the basic dy-
namic characteristics to be obtained with a minimum of complicating features. The con-
denser was a single constant-diameter tube, horizontally mounted, and cooled by gas in
crossflow configuration. The purpose of the experiment was to obtain dynamic-pressure
information relative to a disturbance in inlet-vapor-flow rate. Dynamic information was
also obtained on the attendant change in interface location (liquid inventory). The inter-
face moved freely in response to condensing pressure changes since a constant-pressure
receiver was used at the condenser outlet. Electronic circuitry was devised to provide
an approximate analog-type signal for recording of interface location.

Cycling of the inlet valve was employed to provide sinusoidal variations in inlet-
vapor-flow rate. The resulting dynamic data, normalized to steady-state condenser op-
eration, is presented in the form of Bode plots (i. e., log amplitude and phase shift as a
function of log frequency). With such plots, of course, transfer functions can be readily
determined.

SYMBOLS

K proportionality constant in vapor venturi flow calculation
PR total pressure in receiver, psia

APM differential pressure of nitrogen cooling gas (i. e., manifold pressure less

chamber pressure), psi




AWy e

differential pressure drop across calibrated orifice at outlet of expulsion reser-

voir, psi
static pressure in the plenum outlet channel, psia
static pressure just ahead of venturi, psia
differential pressure drop between P6 station and throat of venturi, psi
analog calculated value of venturi throat static pressure, P.7 = Pg - AP6_7, psia
static pressure at venturi outlet, taken as condenser-inlet pressure, psia
averaged P8 pressure reading during cyclic operation, psia

differential change in P8 reading from its quiescent level (for cyclic
variations it corresponds to peak-to-peak value), psi

differential pressure drop across outlet valve, psi

(o)

total temperature at P6 station, "F

differential change in VT reading from its quiescent level (for cyclic
variations it corresponds to peak-to-peak value), percent

liquid-mercury-flow rate from expulsion reservoir into the system, 1b/sec
flow rate of nitrogen cooling gas into manifold, lb/sec

vapor-flow rate into condenser as indicated by venturi measurements, 1b/sec
averaged vapor-flow rate into condenser during cyclic operation, lb/sec

differential change of vapor-flow rate from its quiescent level (for cyclic vari-
ations it corresponds to peak-to-peak value), 1b/sec

equal to AWV/ (WV/ W), applied when the value of WV slightly exceeds that
of Wp, 1b/sec

high-frequency values of AWVC as corrected for resonance effect in test rig,
1b/sec

APPARATUS AND INSTRUMENTATION

Test Rig

The arrangement of the experimental system is presented schematically in figure 1.
A supply of liquid mercury was contained in a large expulsion reservoir. This reservior
was equipped with an adjustable pressure regulator through which the steady-state flow
level could be established. Monitoring of this flow level was accomplished by passing
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Figure 1. - Basic schematic of test rig.

the reservoir's outlet flow through a calibrated orifice. Following the orifice, the liquid
mercury was raised approximately to the boiling point with a preheater. From the pre-
heater the mercury passed to a high-heat-flux unit, which produced a low quality vapor.
The vapor was then passed into a main boiler where its quality approached 100 percent.
A large plenum was incorporated inside the main boiler helix in order that cyclic flow
variations could be made with negligible disturbance to the boiler operation and at the
same time could have sufficient accumulator action to allow cycling to very low frequen-
cies at a substantially constant pressure level. Following this plenum, the mercury va-
por passed through an inlet disturtance valve. The resultant instantaneous flow was
monitored with a calibrated vapor venturi. The vapor then entered the condensing tube
wherein its latent heat of vaporization was rejected, and the liquid was subcooled before
passing through an adjustable valve at the condenser outlet. From the outlet valve, the
condensate then flowed with further subcooling into an adjustable pressure receiver. A
dump pot and a network of valves were incorporated with the receiver to allow intermit-
tent return of the liquid mercury, after sufficient accumulation, to the expulsion reser-
voir without shutting down the system.

The condenser tube was a 90-inch-long constant-diameter stainless-steel tube
(0.311-in. i.d. by 0.032-in. wall) mounted horizontally within the rig. At the down-
stream end of the tube, fusite pins were installed on bosses through the top of the tube
wall at 1-inch intervals for purposes of measuring interface location.

Crossflow cooling of the condensing tube was employed by means of nitrogen jets
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from two diametrically opposed manifolds
which paralleled the condenser tube. The
flow rate of cooling gas could be set with an
adjustable regulator.

Of particular importance to the dynamic
studies was the condenser-inlet valve. The
valve selected, depicted in figure 2, was a
commerical type specifically designed for
caustic molten metals and operable to high
temperatures. The valve incorporated
stainless-steel construction throughout ex-
cept for the tungsten shear plate, which
sweeps between the orifice plates and the
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Figure 2. - Vapor-flow valve, linkage, and motion pickoff.

The valve was specified to have narrow rectangular ports so arc-machined into its
orifice plates that the open area change would be very nearly linear with arm travel. By
operating the valve under choked conditions from a large plenum, sinusoidal variations
in valve travel produced nearly sinusoidal variations in inlet-vapor-weight-flow rate.
This valve, as well as the plug type condenser outlet valve, was driven by an electro-
pneumatic actuator. As there was negligible hysteresis between input voltage and valve
position, the electronic circuit shown in figure 3 was used for valve drive signal prepa-
ration. Pneumatic boosters applied to the upstream valve resulted in a flat response to
approximately 1 cps with limited attenuation at the higher frequencies.

The condenser and associated hardware previously mentioned were mounted within a
steel chamber, shown in figure 4, which was continually purged through a scrubber sys-
tem during hot operation to reduce the mercury-vapor hazard in the event of spillage.
The heating controls, valve controls, instrumentation electronics, and readout and re-

cording systems were mounted external to the chamber.
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Instrumentation

The location of instrumentation points is shown in figure 5.

Flow. - Analog computation techniques were applied to the appropriate pressure and
temperature measurements in order to furnish instantaneous values of mercury-flow
rate. The liquid-mercury-flow rate from the expulsion reservoir into the system was
measured by a differential pressure pickup placed across a calibrated orifice (figs. 5
and 6). This orifice was calibrated by weighing a timed amount of flow at a constant dif-
ferential pressure. The resulting flow - pressure-drop data matched a square-root
curve very closely as was expected. The differential pressure signal was modified and
displayed on a panel meter at the test site for ease in calibration. Also, the signal was
applied to an open operational amplifier which incorporated an unsegmented nonlinear de-
vice in its feedback circuit for producing a square-root signal that, when properly
scaled, provided a signal proportional to the liquid-mercury flow. The flow rate was
read out on a panel meter and was recorded on a channel of an eight-channel strip re-
corder.

Measurement of the instantaneous vapor-flow rate into the condenser was accom-
plished by processing pressure and temperature measurements from a calibrated venturi

APy CD-8793

Figure 5, - Location of instrumentation.
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TABLE L. - METRIC CONVERSION as shown in figure 7. Table I gives
To convert from To Multiply by factors to convert to metric units.
The relation used was

psi (lb force/sq in.) N/sq m 6895

in. m 0.0254| Wy = K\/AP6_7P7/(T27 + 460), which,
Ib/sec (Ib force avoirdupois) | N/sec 4,448 though a simplified approximation

O %k |(5/9)C°F + 459. 67) ’

was suitable for this experiment.
The pressure P7, which is the ven-

turi throat static pressure, was obtained from the relation P.7 = P6 - AP6_7. The pres-
sure transducer for measuring P6 was a very high-frequency-response flush diaphragm
type suitable for high-temperature use. This transducer was mounted horizontally and
was closely coupled to the static tap ahead of the venturi section. The pressure pickup
for AP6_7 was of the differential type. A small chambered volume on either side of the
diaphragm is inherent with this type of pickup. Also, the differential pickup was not op-
erable to as high a temperature level; therefore, liquid mercury was maintained in the
coupling lines by slanting them slightly downward.

To obtain the temperature T27, a sheathed Chromel-Alumel temperature probe ap-
proximately 1/16 inch in diameter was inserted in the center of the channel opposite the
Pg station and was bent slightly upstream. A stainless-steel shroud was placed over the
thermocouple end to avoid its being wetted by mercury droplets, which would have caused
it to read droplet temperature instead of vapor temperature. The thermocouple lines
terminated in a 150° F reference oven junction box. Copper lines carried the thermo-
couple millivolt signal to a high input impedance, high closed-loop gain differential am-
plifier. The amplified output, at a very low impedance level, was used to drive a meter
readout at the operating site. The T2,7 meter movement had its mechanical zero reset
to correspond to 150° F, which, of course, matches the reference oven. Analog circuitry
was employed to add in a voltage to convert the temperature signal from the 150° F refer-
ence base to degrees Rankine. This conversion was done by setting potentiometer pot 2.
Potentiometer pot 1, which provided the amplifier in the temperature circuit with an ad-
justable gain, was used in scaling the temperature signal prior to insertion into the
multiplier-divider.

The analog computation of vapor flow was performed as follows: The P, signal
was inverted and summed with the AP, . signal to form the P, signal
P.7 = P6 - AP6_7, which was then proportional to the static pressure at ‘the venturi
throat. The P7 and AP6-7 signals were then multiplied together after which their
product was divided by the Ton signal which had been converted to degrees Rankine,

A high-quality combination multiplier-divider was used. The output signal from the
multiplier-divider was then applied to an open operational amplifier, which incorporated
an unsegmented nonlinear device in its feedback circuit for producing a square-root sig-
nal, as had been done for the liquid flow calculation. The resultant output was then



approximately proportional to the instantaneous vapor-flow rate and was sent to the strip
chart recorder. The vapor-flow-rate signal together with its component parts were also
displayed on panel meters at the test site for ready reference.

Pressure. - The pressure measurements, other than those connected with mercury-
liquid- and vapor-flow measurement, are now described. Following the mercury flow
through the system (fig. 5), the first pressure measurement was made in the relatively
large-diameter outlet line leading from the large plenum at the boiler outlet. A 150-psia
pressure pickup was connected to this static tap (P5 station). Its output was processed
for display at the test site with a panel meter so that the pressure level ahead of the
condenser-inlet valve could be set for choked flow conditions.

The condenser-inlet static pressure was measured at the venturi outlet as shown in
figures 5 and 7. The pressure transducer used was a high-temperature high-response
flush diaphragm type, which was horizontally mounted and closely coupled (approxi-
mately 3l in.). The output signal was processed for recording on the strip chart re-
corder aﬁd for on site indication with a panel meter.

Another pressure measurement available in this experiment was that of the static-
pressure drop across the outlet valve through which the condensate flowed. A differen-
tial pressure pickup was used which necessitated small lengths of connecting lines. The
pickup and its lines were mounted at a slightly downward inclination from horizontal to
avoid gas pockets in the chambered pickup once it and its lines were filled with liquid
mercury. Hand valves and T's were incorporated in the lines for this purpose and for
prerun calibration (detail, fig. 5). The processed signal was recorded with plus and
minus capabilities on the strip chart recorder and indicated at the test site with a panel
meter. Its measurement differential range was +5 psi.

The monitoring of pressures throughout the mercury system was completed by in-
corporating a low-temperature absolute-pressure measuring pickup in the top of the re-
ceiver chamber to indicate the various pressure levels at which the condensate was ex-
hausted. This variable was processed to a channel of the strip chart recorder and was
indicated on site with a panel meter.

A differential pressure pickup was installed between the pipe supplying the coolant
manifolds and the experimental chamber itself in order to repeat experimental runs at
certain definite levels of nitrogen-coolant-flow rate. Its readings were calibrated origi-
nally against measurements made on a known orifice installed further upstream in the
coolant supply line. Indication of the differential manifold pressure was on a panel
meter available to the test-rig operator.

Interface position. - The high electric conductivity of liquid mercury was utilized in
the following manner to ascertain the instantaneous interface position within small limits.

Fusite pins, which are simply a metallic pin imbedded through a ceramic insulator
around which is formed a metallic collar, were inserted through the top of the condenser
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E&ﬁ;t at 1-inch intervals along the downstream portion of
manifold the tube. The fusite collars were welded to bosses
+

on the condenser in such a manner that the center pin

Air holes (0.0595 in.) extended inside the tube to approximately one-half the

53 drill, g tube radius as shown in figure 8. When the liquid
3/4-in. axial intervals —

mercury in the tube reached the center pin, an elec-
tric conducting path was formed between it and the
condenser wall. To indicate circuit closure,
flashlight-type bulbs were inserted between each pin

and a common voltage bus. This voltage bus was
gf:::'c insulation, supplied from an electronically regulated low-

Air holes (0.0595 in.), voltage, high-current-capacity power supply with

#53 drill,
3a-in. axial intervals—| ground return connected to the condenser wall. The

= voltage level from this power supply was set at ap-
proximately 6 volts, which readily operated the
lights yet was below the ionization potential of mer-
e cury vapor (about 15 V). The flashlight bulbs were
manifold CD-8196 mounted in an external rack to match the pin se-
Figure 8, - Sectional view of condenser showing quence, thus visual indication of interface position
instrumentation details, was provided.

The circuit shown in figure 9 was developed to
provide capability for the instantaneous recording of interface position. The particular
form that this circuit took is due to the following consideration. A small fluctuating re-
sistance was observed between each pin and the condenser wall when the tube was filled
with liquid mercury. This small resistance was attributed to the formation of a thin
scale or oxide on the pin which occurred during use of the tube. This resistance is rep-
resented by the dotted resistance symbol in figure 9. Its effect was to make the voltage
on the pin vary because of the potential divider action which occurred between the lamp
bulb resistance and the small fluctuating resistance between pin and condenser wall. A
differential, unstabilized, operational analog amplifier was employed with each pin to
sense and to amplify the voltage drop occurring across each bulb as a result of current
flow upon immersion of its corresponding pin in liquid mercury. When the liquid mer-
cury in the tube did not immerse the tip of a pin, the resistance between pin and ground
became extremely high, and, therefore, the potential at either end of the bulb was the
same. For this condition, since the gain of each side of the differential amplifier was
the same, the net amplifier output voltage was zero.

The output from each of the pin differential amplifiers was applied to a common
summation point of another operational amplifier through individual summing resistance
networks. These networks were included in the circuit design for the purpose of

11



Switched

voltage supplyl Output to strip chart recorder

Low-voltage o
regulated i
power supply 9 =< 1
Iz, = T0 positive off on
r/ ﬂ voltage bus
(1 Sum: grasWel
1 < s
4 = < B Panel
meter
J /
o2 v - (> W E,—wv—
g Three amplifiers
<1 > typical of the
= = = twenty used

I A0 5]
¢ & Pin—/./ o VYV é r‘r Bias supply
1} Pin- /:
! = -
P T;'i‘;;‘argc;”_bf/ i = i Open differential
J ! J : J operational amplifier
[-] '
— e toend [ T ?
o Tpti)nend CD-8797

Figure 9. - Basic interface measuring circuit.

standardizing the magnitude of the output voltage from each pin operational amplifier be-
fore it was summed with other such voltages to produce an output voltage proportional to
the number of closed-circuit pins. Each summation resistance network consisted of two
resistors in series with a crystal diode connected between them and a potentiometer
wiper. Each potentiometer was supplied from a common positive voltage bus with indi-
vidual voltage dropping resistors connected in series. Leakage current resulting from
the tapped-off potentiometer voltage was very small because of the high back resistance
of the diode and could be compensated for by a slight adjustment of the bias supply incor-
porated with each operational amplifier. Therefore, the voltage applied to each resistor
tied to the common summation junction of the output operational amplifier was zero, re-
sulting in zero output to the strip chart recorder when no pins were immersed in liquid
mercury.

Closure of a pin circuit by the liquid mercury in the tube allowed substantial current
to flow through the light bulb thereby producing an appreciable voltage drop through it.
This unbalance was applied to the pin operational amplifier through its summation resis-
tors. The gain of each operational amplifier was set at a relatively high value so that
closure of the pin circuit within wide limits resulted in a saturated output. This satu-
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rated output voltage of positive polarity applied to the following summing resistance net-
work allowed the crystal diode to conduct. The voltage appearing at the summation re-
sistor attached to the common summation junction on the output operational amplifier,
however, was held to that of the potentiometer wiper because of the relatively low resis-
tance of the potentiometer. Thus, closure of a pin circuit over wide voltage limits re-
sulted in the same definite adjustable voltage being applied to the output summation ampli-
fier. As the liquid mercury interface swept up the tube, causing pin circuit closures, a
staircase type of trace appeared on the strip chart recorder. Through adjustment of
each potentiometer, every step was given an identical height. Switches were provided in
parallel with the pins so that prerun calibrations of step height could be accomplished
without any liquid mercury being in the tube. One side of each switch was tied through a
series chain to an all-clear light bulb to insure that all switches were in the correct po-
sition before a data run.

A total of 20 pin amplifiers was used, resulting in a dynamic range of interface re-
cording capability of 20 inches. Capability to record in regions other than the last
20 inches of the condenser was provided by a multigang switch, which selected what
group of 20 pins would be sent to the pin operational amplifiers. Each switch position
moved the measuring point another five pins upstream and simultaneously added in an
appropriate voltage level from the switched voltage supply to the output operational am-
plifier to result in an equivalent shift of an additional five pins on the strip chart re-
corder. The voltage from the output operational amplifier was also monitored on site by
a panel meter, which was a convenience during calibration.

Temperature. - Qutside wall temperatures of the condenser were monitored with
Chromel-Alumel thermocouples of fine wire spotwelded to the tube and covered with a
very small amount of thermal insulation in the form of a cement to insure proper meas-
urement in the presence of cooling gas flow. Spacing of the thermocouples varied but
typically was at 3- or 6-inch intervals. The thermocouple reference lines terminated in
a 150° F reference oven junction box from which copper lines carried the millivolt sig-
nals to a 28-point thermocouple selector switch as shown in figure 10. Position one of
the switch was connected to read the T2,7 temperature, and the following switch posi-
tions followed the sequential arrangement of thermocouples down the condenser. The
double wiper arm of the switch would feed any one of the signals to a high closed-loop
gain differential amplifier, which amplified the millivolt signal to a usable level at low
impedance.

As shown in figure 10, the output signal was routed to a meter circuit for on-site
indication and to the strip chart recorder. The mechanical zero of the meter was set to
match the 150° F position on a meter face plate modified to cover the range from 0° to
1000° F. This method obviated the incorporation of any biasing supply. A steady-state
temperature profile could be obtained through scanning the thermocouples by manually

13
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700 rotating the selector switch in sequence
‘; s = o %;)_Q\c while the strip chart trace was moving at
§ 600 >\Q medium speed. A staircase type of trace of
%’ \& irregular height was obtained.
é 0 z\( A typical wall-temperature profile ob-
£ | Condens&t:g n tained by this method is illustrated in fig-
3 cated by pin circut ure 11. This figure also correlates the con-

densate interface located by the pin circuit

2 16 12 8 4 0
Axial distance upstream from outlet, in. and the interface location estimated by the
Pins~.
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Figure 11. - Correlation of interface location between pin Valve position. - A battery-operated

circuit and condenser-wall-temperature profile. . - . . .
bridge type of circuit was devised for use in

conjunction with the potentiometer mounted on either of the valve actuator shafts for po-
sition indication. The circuit is illustrated in figure 12. The resistance arms making up
the bridge were of a significantly lower value than that in series with the meter, thereby
producing a linear indication. This type of circuit allowed external calibration by making
adjustments while observing movement of the meter pointer. Calibration was achieved
when the meter movement would sweep between 0 and 100 percent travel as the valve was
closed and opened. A signal proportional to the travel of the upstream valve was recorded
on a channel of the strip chart recorder.
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Figure 12. - Valve travel indicator circuit.
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PROCEDURE
Calibration

Initially, the electric output from the absolute pressure pickups was zeroed by ad-
justment of the respective demodulators with the system under vacuum. Then a regu-
lated adjustable supply of inert gas was used to pressurize the pressure pickups. The
calibration pressure levels were monitored through use of accurate Bourdon gauges.
With the appropriate pressures applied, the electric spans were set by adjustment of the
respective attenuator following each demodulator. The output from each attenuator was
amplified by means of a closed-loop differential amplifier having fixed gain settings.
During attenuator adjustment, signals were monitored with an electronic digital volt-
meter connected at the respective differential amplifier output. Outputs were standard-
ized at a 10-volt level. This calibration procedure was followed to avoid the interaction
which occurred between the zero and the span adjustments internal to the demodulator.

The differential pressure pickups and their lines were first filled with liquid mer-
cury and then capped off from the system with handvalves. With both sides of each pick-
up open to atmosphere by way of the line T's, its electric output was zeroed. The ap-
propriate gauge pressure was then established on the upstream tap of each pickup, and
its span was set according to the procedure used for absolute pressure pickup calibra-
tion.

Following calibration of the APy o pickup, the differential pressure corresponding
to full system flow rate through the calibrated orifice was applied, and the spans were
set on the L4 meter and on the recorder. The gauge pressure was then reduced and
further cross checks were made.

In general, the output signal from each amplifier was displayed on a panel meter at
the test site with the more pertinent ones being also recorded on the eight-channel strip
chart recorder. The recorded pressure signals were Pg, APg, and Pp. Zero and
span adjustments of meters and recorder followed or were simultaneous to electric cali-
bration.

The display and recording of temperature signals necessitated a different proce-
dure. As fixed gain operational amplifiers were used in connection with the thermo-
couples, only calibration of the readout equipment was necessary with the thermocouples
terminated in a 150° F reference oven. If the measuring thermocouples were at the
same 150° F temperature, there would be zero output. Accordingly, the meters used for
temperature readout had the mechanical zeros set to the 150° F position with their elec-
tric circuits open, which is equivalent to having zero output from the junction. The re-
corder channel, set to read between 0° and 1000° F, also required that with zero input
its pen should be set to the 150° F position. Recorder and meter spans were set after

16




disconnecting the electric lines to the respective differential amplifiers and in their place
inserting a calibrated millivolt signal corresponding to a 1000° F thermocouple tempera-
ture. A commercial standard cell millivolt potentiometer was used as a signal source.

Calibration of the WV analog calculation circuit involved substitution of a test
patchboard from which were derived known voltages corresponding to various venturi
pressures and temperatures. These same voltages were simultaneously sent to the on-
site meters for further cross-checking. Monitoring of voltage levels at various points
was by means of an electronic digital voltmeter. Following completion of any analog ad-
justments, the spans of the WV readout meter and of the recorder channel were set.

The adjustments mentioned in the section Instrumentation were employed for cali-
bration of the interface circuit. After each of the pin differential amplifiers was bal-
anced by means of its bias supply, the offset resulting from the small diode reverse
leakage currents could be nullified by adjustment of the increased biasing capability of
the summation amplifier. OQutput nulling of the summation amplifier followed after the
nulling of all 20 pin amplifier outputs. The electric switches were used to close each pin
circuit proceeding upstream from the most downstream pin. Sequential adjustments of
each step height were made. Following these adjustments, a check was made on the
summation amplifier output as the selector switch was rotated, thereby supplying various
bias levels from the switched voltage supply. These bias levels were then trimmed if
necessary.

The procedure followed in calibrating each valve travel indicator was to fully close
each valve by means of its valve drive circuit and then trim the zero adjustment potenti-
ometer until the indicator would read zero. The valve was then opened, and the span
was adjusted until the indicator read full scale. The upstream indicator circuit also
supplied a signal for recording purposes.

The preceding calibration procedure was employed before each run.

Startup

Following calibration, the system was maintained under vacuum conditions as the
mercury heaters were brought to operating temperature. Condenser inlet and outlet
valves were both open during this period. The solenoid valve following the expulsion
reservoir was opened, and a flow rate was initiated into the system by adjusting the inert
gas pressure applied to the expulsion reservoir. After a period of time, the condenser-
inlet valve was successively adjusted toward partial closure, which resulted in a slow
buildup of plenum pressure. Simultaneously, the system-inlet flow rate was brought up to
the desired level. Equilibrium conditions were sought at the desired flow level such that
the plenum pressure would remain sufficiently high to maintain choked flow through the
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Figure 13. - Steady-state map at 0.089 pounds per second of coolant
flow,

condenser-inlet valve over the expected test range. Allowance was made in available
valve travel for manipulation of the valve about its set value.

The nitrogen cooling gas, which had been turned on during this period to ensure lig-
uid at the condenser outlet, was adjusted to the desired flow rate for the particular run
through manipulation of the nitrogen regulator while the APM meter was observed.
Following this adjustment, the receiver pressure was gradually increased to give a de-
sired interface position with consequent resultant condenser-inlet pressure level. Inter-
face location was determined by the pin circuit lights when the interface was toward the
rear of the condensing tube and by wall temperature scanning when the interface was fur -
ther up the tube beyond the pin section. The presence of vapor pockets in the liquid
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mercury in the tube was indicated by unlit pin lights. When this condition was observed,
dynamic data, particularly that of interface movement, were not taken.

Steady-State and Dynamic Tests

Initial steady-state tests of the condenser disclosed two distinct regions of oper-
ation. That is, two distinct slopes were indicated for the curve of the inlet pressure
against condensing length at given vapor- and coolant-flow values. Accordingly, experi-
mental steady-state mapping of condenser performance was conducted by running at vari-
ous vapor-flow and coolant-flow levels while the receiver back pressure was varied.
Points were taken for various values of receiver pressure covering the range of 0 to 25
psia. A resultant map for a given coolant-flow rate is shown in figure 13. Selection of a
distinct region of condenser operation wherein frequency response tests could be run was
then made. Accordingly, tests could also be set up for the other distinct region.

For the dynamic tests, steady-state conditions were first set according to the known
map. Then, nearly sinusoidal disturbances in inlet-vapor-flow rate about a given quies-
cent level were generated by supplying a sinusoidal voltage to the condenser-inlet valve
drive amplifier from a low-frequency function generator. Use of the function generator
allowed steps of the same amplitude as the sinusoid to easily be inserted as was neces-
sary for gain normalization during data reduction. The lowest frequency available from
the function generator was 0.01 cps. For some cases, a very low frequency generator
was employed as an excitation source. However, at these very low frequencies, down to
0. 001 cps, the varying outlet flow from the plenum and the accompanying pressure fluctu-
ations began to be reflected through the entire boiling system even to the extent of caus-
ing a variation in system-inlet flow. A sample dynamic trace corresponding to 0. 03 cps
is presented in figure 14.

METHODS OF DATA REDUCTION

As a minimum, the dynamic recordings included the simultaneous variations of inlet
valve travel, vapor-flow rate, and condenser-inlet pressure. In other cases, the dy-
namic recordings included the simultaneous variation in interface, and, in one case, the
variation in static-pressure drop across the partially closed outlet valve through which
the condensate flowed was also obtained. The typical low-frequency recording (0. 03 cps),
presented in figure 14, illustrates the general waveform shapes obtained for the dynami-
cally varying quantities. This figure shows the sinusoidal inlet valve travel movement
and resultant inlet vapor flow to the condenser. The amplitude of valve travel movement

19



w‘g_ 8
>
E; gg/r‘ ™1~ |41 I LA I~
33
(=3 20
=8
0
2y o i | |
2€2 .;3 ' -
=c¥
L82 .0
& o
g 0
0
B - ~
ﬁ -
55w ~ =
§o° W
5% S
U‘V‘!
0
g, ¥
?é_h_.E 30
S8 | - -
EES m == MnaaNNRIEGH M
g
0_
= 5
:X ] 1] JRFAY
22% " r)' =
ggd 0
ES§
87 -3
I 5

Time —— —+ [*—2.5sec

Figure 14. - Low-frequency recording illustrating various wavefor ms
encountered,

was set to produce about +10-percent variation in inlet-vapor-flow rate. This variation
resulted in an appreciable swing in condenser-inlet pressure and interface movement at
the low frequencies. The very high-frequency fluctuations observable in the vapor-flow
rate waveform are attenuated by the system and do not reflect into the other traces.

This figure indicates a reasonable sine wave in pressure but distortion in the interface
waveform. Note the individual stepped nature of the interface waveform as given by the
pin circuit yet its overall continuous analog appearance. The overall interface waveform
is observed to have a steep rise when moving up the tube and to have a gradual slope
when retreating toward the outlet. This characteristic is attributed to a secondary build-
up of the amount of condensate due to the fact that the interface absorbs all drops and
runoff inside the tube as the interface moves forward. When the interface retreats down
the tube, it tends to become ragged and leave drops and runoff behind.

The condenser-inlet pressure trace, relative to that of the disturbance vapor-flow
rate, exhibited only a small phase shift over the frequency range covered and would,
therefore, require accurate phase determination to avoid data scatter. The existence of
significant interface waveform distortion suggested that direct reading of the traces
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would not be accurate. Accordingly, two other methods were generally employed.

These methods were a reference trace overlay method and a Fourier analysis method.
Selection of a method depended on the waveforms to be processed. For the case where
only the dynamics of condenser-inlet pressure relative to vapor-flow rate were con-
cerned, the reference overlay method was used. This choice was based on the fact that
the waveform of condenser-inlet pressure and vapor flow exhibited relatively low distor-
tion, and the reference overlay method would be adequate under these conditions. The
reference overlay method was also less time consuming.

When the interface was also available, the traces were generally processed by em-
ploying the Fourier analysis method. Either method required use of recorded valve
travel position as a reference for determining the exact length of a cycle since the wave-
form of valve position was reproduced exactly from cycle to cycle whereas that of the
vapor-flow rate was distorted a varying amount from cycle to cycle. The methods of
waveform processing are discussed in detail in the appendix.

The typical data processing procedure was as follows: An average WL value was
read from the chart recording together with the high and low reading of the WV sinus-
oid, which had been drawn in by the trace overlay method. An average vapor-flow rate
WV and differential AWV were calculated from these high and low readings. Some-
times the WV reading was observed to be slightly greater than that of the WL reading.
ﬁs the WL reading was believed more accurate, the AWV value was divided by the ratio
WV/W L to arrive at a corrected quantity AWVC' Similarly, the high and low readings of
the P8 sinusoid, which had also been drawn in by the trace overlay method, were read.
The average pressure level PB and differential AP8 were calculated. The ratio of
pressure change to flow change AP8/AWVC was then calculated. This ratio was normal-
ized to the corresponding steady-state ratio by dividing by the appropriate normalization.

A normalization value of 545 was obtained, for example, from the experimental step
responses of figure 15. The asymptotic tailoff of each step response supplies data above
and below the operating level at which the frequency response tests were run. Accord-
ingly, values of pressure and flow were read on the tailoff just preceding the next step
input. The points read are as follows:

First step
AP
8 _22.8-14.8 _ 544
AWV 0.0495 - 0. 0348
Second step
AP
8 _ 19.0-14.8 _ 546

AWy " 0.0425 - 0. 0348
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Figure 15. - Step response of pressure to flow used in normalizing frequency response data of fig-
ure 17.

The normalization number of 545 compares very closely to the value of AP8 /AWV = 565
as obtained by cross-plotting corresponding steady-state data from the condenser map of
figure 13 (p. 18). The cross plot is shown in figure 16.

The previous procedure was adequate to a frequency of 1 cps. Actuation of the up-
stream valve at higher frequencies resulted in an erroneous rise in the vapor-flow-rate
indication. That is, as the driving frequency was increased, the differential of valve
travel began to decrease, whereas the differential of the measured vapor flow began to
increase even though the flow was supplied from a constant-pressure plenum under
choked conditions. This effect was observed to occur with the system cold (and conse-
quently without flowing any mercury vapor) and was traced to the AP6_7 measurement.

This pickup, as had previously been mentioned, required
2

5 liquid mercury in the lines leading to its diaphragm cham-
E » y ber. The rig, which was suspended by wires to allow for
% . ] / thermal expansion, shook sufficiently with actuation of the
=8 14 Al upstream valve to produce a sinusoidal variation in the out-
%'3 /o/ put from the AP6_7 pickup. Although a resonance oc-
= U }5 curred at 6 cps, there was no appreciable effect at 2 cps
;',5; ) ) and, therefore, negligible effect at lower frequencies. Ac-
10. 05 035 .05 055 cordingly, as the pressure level ahead of the cycling valve
" Mercury flow rate, Ib/sec was constant, the ratio AWVC/ AVT was determined at
H%;eaiéé, 08?353{%"5;‘:22’2?&2‘03"9 each test frequency over the range 0.01 to 1 cps. An aver-
ant flow (fig. 13) for alternate gain age ratio for this interval was determined. Then starting
deter mination of 565 seconds per . .
square inch. at 1 cps and going to higher frequencies the differential of
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valve travel AVT was multiplied by this averaged ratio to get an equivalent differential
flow change AWX'/'C' The ratio of APS/AW\'/C was calculated next. This ratio was in
turn normalized as had been done in the low-frequency region. For all frequencies, the
phase determination was done at the time of application of the trace overlay method to the
various waveforms. Phase indication above 5 cps was uncertain because of the large

overriding phase shift of the resonance occurring at 6 cps.

RESULTS AND DISCUSSION

The form of the response of condenser-inlet pressure to vapor-flow rate was ob-
served to be different in the different regions of the steady-state map that relates the in-
let static pressure and receiver pressure to condensing length at various constant flow
rates. The significant difference between the two regions of a map is that of the sensi-
tivity of inlet pressure to interface position. This sensitivity may be seen by examining
the steady-state map presented in figure 13 (p. 18). Each curve of inlet static pressure
and condensing length is characterized by a region of high slope (negative) at the short
lengths and a region of practically zero slope at the long lengths. The transition between
these regions, or knee of the curve, is rather sharp. Condensing length, of course, is
the difference between tuoe length and interface position. The region of high slope, or
high sensitivity, is also a region of small overall two-phase pressure drop, while the
region of low slope, or low sensitivity, is a region of large two-phase pressure drop.
This fact was ascertained from the maps as follows: Tests showed the liquid pressure
drop (from the interface to the receiver) to be approximately 0. 2 psi, which was below the
accuracy range of the transducers and was measured with inclined manometers. The
pressure at the interface was, therefore, just slightly above that of the receiver. In the
short condensing length region, the inlet static pressure was nearly the same as that of the
receiver; therefore, the two-phase pressure drop was small. As the condensing length
was increased by lowering the receiver pressure, a lower limit was eventually reached
for the condenser-inlet pressure, and the two-phase pressure drop thereafter became
appreciable.

Pressure Response in Region of Low Sensitivity to Interface Position
Dynamic tests were run at different levels of heat flux for approximately the same
condensing length. The operating conditions for the high heat-flux rate were a vapor-
flow rate of 0. 040 pound per second and a 13-inch approximate interface position as a

result of the 0. 089-pound-per-second coolant flow. The corresponding steady-state map
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Figure 18. - Steady-state map at coolant flow of 0. 033 pound
per second.

is presented in figure 13 (p. 18).

The operating region is observed to
be well inside the region of low sen-
sitivity. The resultant frequency re-
sponse data is presented in figure 17.
The form of the response given in
figure 17 is that of an overdamped
system since the amplitude ratio does
not rise above 1 and the phase shift is
always lagging. This response form
is also observable in the step re-
sponse of figure 15. The response to
a step change in flow is of a lagging
nature and is completely without
overshoot.

Since normalized amplitude ratio
and relative phase shift are presented
as a function of frequency in fig-
ure 17, it is in reality a Bode plot.
Comparison may be made to a vari-
ety of accumulated Bode plots for
known transfer functions available in
controls literature. The data in fig-
ure 17 approximate the Bode plot of a
lag-lead-lag transfer function
(ref. 3).
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Figure 19. - Response of inlet static pressure
to vapor-flow cycling. Averaged vapor-fiow
rate into condenser, 0.03 pound per second;
average condenser-inlet pressure, = 15 psia;
total pressure in receiver, 8. 8 psig; average
interface position, 15 inches; differential
pressure of coolant, 1.0 psi; flow rate into
manifold, 0.033 pound per second.




The theoretical basis for the form of condenser response and the variation of form with
operating point is given in reference 2.

Similar dynamic tests were also run at a low heat-flux rate. The operating condi-
tions for these tests were a vapor-flow rate of 0. 030 pound per second and a nominal
condensing length of 75 inches. This required reduction of the coolant flow rate to 0. 033
pound per second. This steady-state map is presented in figure 18. The map data was
not available at 100-percent quality because of a shift in boiler performance. Neverthe-
less, the region of operation regarding the inlet-pressure - interface sensitivity may be
identified from the values of condenser-inlet pressure and receiver pressure recorded
at the inception of the frequency response tests. These pressures are 15 and 8. 8 psia,
respectively, indicating a large two-phase pressure drop and, hence, operation in the
low-sensitivity region. The resulting pressure frequency response plot is presented in
figure 19. Although the two-phase pressure drop is less than half of that of the previous
condition (cf. operating condition in fig. 17, p. 24) and the heat flux was reduced about
25 percent, the pressure response of figure 19 has the same characteristic shape as that
of figure 17. Within this region, therefore, variations of the heat flux and the two-phase
pressure drop did not materially affect the form of the condensing pressure frequency
response.

Effect of Pressure Sensitivity to Interface Position

The effect of increased pressure sensitivity to interface position was next investi-
gated. The steady-state conditions of 0.035-pound-per-second vapor flow, 50-inch con-
densing length, and 0. 089-pound-per-second coolant flow put the operating point in the
region of high sensitivity (cf. previous map, fig. 13, p. 18). Under these conditions,
the two-phase pressure drop is small. The normalized frequency response plot of pres-
sure to vapor flow is presented in figure 20. A

4
§§ 2 = normalization value of 150 was obtained from the
=g
gg 1 > N Cobey experimental step response of figure 21. As was

-6 = done previously, values of pressure and flow
g 0T were read on the asymptotic tailoff just preced-
© +( . . :

;,;5 0 G—STHOE ol i e ing the next step input. The points read are as
& -50 ﬁ follows:

01 0204061 .2 461 2 46
Frequency, cps

Figure 20, - Response of inlet static pressure to vapor-flow AP _

cycling. Averaged vapor-flow rate into condenser, 0,035 8 = 20.4 - 19.5 = 0.9 = 150

pound per second; average condenser-inlet pressure, AW. 0.0395 - 0.0335 0.006

20,3 psia; total pressure in receiver, 18.7 psia; average A"

interface position, 40 inches; differential pressure of
coolant, 5.0 psi; flow rate into manifold, 0.089 pound per
second.
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Figure 21. - Step response of pressure to flow used in normalizing frequency response of figure 20,

The transient response to a step input varied with step size and direction and, thus, in-
dicated nonlinearities.

The response form of figure 20 is considerably different from the forms in figures
17 and 19. Whereas, the previous normalized amplitudes were of an attenuating nature
(i.e., less than or equal to 1), the normalized amplitude response for this condition
rises above 1 to a peak of 2.6 at approximately 0.1 cps. The phase shift characteristic
is also significantly different from the responses obtained in the low-sensitivity region.
Whereas the other responses had been of a lagging nature only, the phase characteristic
in the high-sensitivity region was of a leading nature over the frequency range 0. 01 to
0.1 cps. At frequencies greater than 0.1 cps, the phase reverts to a continuously lag-
ging nature. These amplitude and phase characteristics approximate those of a lead-
lag-lag transfer function. The Bode plot of a lead-lag transfer function is demonstrated
in reference 4. A lead-lag-lag transfer function would have a similar Bode plot at the
low frequencies but with additional attenuation and more phase lag at the high frequen-
cies.

It can be concluded, therefore, that the two distinct regions of condenser operation,
identifiable by high or low sensitivity of inlet pressure to interface position, have mark-
edly different response forms of inlet pressure to vapor flow.

Effect of Liquid Resistance

The effect of increasing the liquid pressure drop by partially closing the condenser-
outlet valve was also investigated. In figure 22, the condenser-inlet pressure response
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Figure 22. - Response of condenser-inlet pressure to inlet vapor
flow for two different outlet valve settings. Averaged vapor-flow
rate into condenser, = 0. 035 pound per second; average
condenser-inlet pressure, ~22. 2 psia; total pressure in re-
ceiver, = 18. 4 psia; average interface position, =15 inches;
differential pressure of coolant, 1.0 psi; flow rate into mani-
fold, 0.033 pound per second.
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Figure 23, - Response of static-pressure differential across the
condenser-outlet valve when set for a quiescent level of
1.25 psi.  Liquid-mercury flow rate, ~0.035 pound per second;
differential pressure of coolant, 1.0 psi; average condenser-
infet pressure, ~22,2 psia; total pressure in receiver, ~18.4;
average interface position, =15 inches; flow rate into manifold,
0.033 pound per second.

at 0. 033-pound-per-second coolant flow is
presented. Two sets of data are superim-
posed. The one set is for the outlet valve
wide open, which produces a liquid pressure
drop of 0.1 or 0.2 psi. The other set is for
a steady-state liquid pressure drop of

1. 25 psi across the partially closed outlet
valve. The mean operating conditions for
these tests were a flow rate of 0. 035 pound
per second at about 100-percent quality with
an approximate 75-inch condensing length.
The inlet and receiver pressures were 22. 2
and 18. 4 psia, respectively. The closeness
of these pressures results in operation at the
inlet pressure knee of the steady-state map.
The increase in liquid resistance is observed
to have a small effect on the inlet pressure
response. An increase in the liquid resis-
tance tends to produce a peaking in the pres-
sure response. This effect may be explained
by noting that increasing the liquid pressure
drop moves the operating point further up
the knee on a steady-state map and, thus, to
higher sensitivity of inlet pressure to inter-
face position. As in figure 20, therefore, a
peaking in response is to be expected, but
the peaking is relatively small in the present
case because operation is in the transition
region.

For the operating condition wherein the
outlet valve was partially closed, an appre-
ciable variation in differential pressure oc-
curred across the outlet valve. The nor-
malized response of this differential pres-
sure is given in figure 23. As there is a
constant receiver pressure and only a small
liquid pressure drop other than through the
valve, this plot can be taken as an approxi-
mate pressure response at the interface.

27




€8 1200

3=

2T 6

[ RO %)

<E< g .4 G
2 D
Oc

g _50 DT%"\

s t

2 -0

3 -

2 150 \U

(-9

.01.02 .04.06.1 .2 .4

Frequency, cps

Figure 24. - Response of condensing
length to vapor-flow cycling based
on available half-wave waveform,
Averaged vapor-flow rate into con-
denser, 0.03 pound per second;
average condenser-inlet pressure,
=15 psia; total pressure in receiver,
8 8 psia; average interface position,
15 inches; differential pressure of
coolant, 1.0 psi; flow rate into mani-
fold, 0.033 pound per second.

psi

[T T T TTIm
Steady-state liquid

pressure drop,

L1

0 1.25°
] 2 O 0.1lor0.2
S |
E l Fne. .
é g Oy
.- ' g
$E R W
T 1
< 06 e
04 1t %
06 -
g 50 "O--(])---‘:)\_; \<>Y>
g -0 paohi o
2 I
-]
£ ™ §%>

Frequency, cps

200
.001.002,004.006.01 .02 .04.06.1 .2

Figure 25. - Response of condensing length to
inlet vapor flow for two different outlet valve
settings. Average vapor-flow rate into con-
denser, 0.035 pound per second; average
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interface position, ~15 inches; differential
pressure of coolant, 1.0 psi; flow rate into

manifold, 0.033 pound per second.
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The general shape of the amplitude characterisitic is
seen to be similar to that of the inlet pressure.

Interface Response

For some cases, it was possible to monitor the
variation in interface position concurrent with the var-
iation in condenser-inlet pressure which resulted from
vapor-flow cycling. Presented in figure 24 is the in-
terface response, which occurs concurrently with the
response in condenser-inlet pressure as given in fig-
ure 19 (p. 24). A value of 2100 inches per pound per
second was employed in normalizing this response.
Because of instrumentation limitations for this run, the
wave form obtained was only half-wave thereby voiding
application of Fourier analysis. The data, however,
indicate interface response under conditions which cor-
respond to the region of low sensitivity of inlet pres-
sure to interface position. The response is seen to be
of a continually attenuating nature with simultaneously
a large increase in lagging phase shift. This charac-
teristic is similar to an overdamped second-order
system (ref. 3, pp. 311 and 313).

The interface response, under the conditions
which correspond to being on the knee of the steady-
state map wherein there is an increased sensitivity of
inlet pressure to interface position, is shown in fig-
These data were obtained simultaneously with
Here the amplitude

ure 25.
those shown in figures 22 and 23.
response for the case where the outlet valve was open
(0. 1- to 0. 2-psi differential liquid pressure drop)
levels off between 0.04 and 0. 1 cps; thus, less of an
overdamped response was indicated than was the case
for the low sensitivity region (fig. 24). Included in
figure 25 is the effect on interface response of artifi-
cially increasing the liquid pressure drop. A rise in
response is indicated at 0. 02 cps, which matches that
of the condensing pressure response (fig. 22) and
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The effect of rapidly ramping the
receiver pressure is displayed in
figure 27. In an upward ramp as the receiver pressure exceeds the condenser-inlet
pressure, the condenser-inlet pressure and the interface position break into oscillation.
The frequency of this oscillation, 0. 45 cps, is about double the observed self-oscillation
frequency of 0. 25 cps that occurs during condenser operation in which there is no outlet
restriction. The effect of a ramp downward in receiver pressure produced no instability.

The effect of an abrupt change in flow when operating at an off-design condition is
shown in figure 28. A small amount of pressure drop was supplied by the outlet valve
even though open. Temporary instability in condenser-inlet pressure with attendant os-
cillation in interface position occured at 0. 25 cps, correlating with the self-oscillation
frequency. '
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Figure 27. - Effect of ramping receiver pressure.




SUMMARY OF RESULTS

This experiment obtained condenser dynamic information relative to a disturbance in
inlet-vapor-flow rate. Through use of a constant-pressure receiver, the interface loca-
tion was allowed to vary simultaneously in response to changes in condensing pressure.
Under these conditions, the following results were obtained.

1. The condenser was observed to have two distinct regions of operation, identifiable
by high or low sensitivity of inlet pressure to interface position. The response of
condenser-inlet pressure to vapor-flow rate was observed to be different in each of the
regions.

2. In the region of low sensitivity, the frequency response data of condenser-inlet
pressure to vapor-flow rate indicated an approximate lag-lead-lag characteristic. With-
in this region, variations of the heat flux and two-phase pressure drop did not materially
affect the form of the condenser pressure frequency response.

3. In the region of high sensitivity, the frequency response of condenser-inlet pres-
sure to vapor-flow rate indicated an approximate lead-lag-lag characteristic.

4. The frequency response of interface position to vapor-flow rate indicated an ap-
proximate overdamped second-order system in the region of low sensitivity of inlet pres-
sure to interface position and in the transition region between low and high sensitivity.

5. The effect of increasing the liquid pressure drop resulted in the interface re-
sponse shifting to lower frequencies.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, January 10, 1967,
701-04-00-02-0P0216.
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APPENDIX - METHODS OF WAVEFORM PROCESSING

A description of the two methods employed for the processing of recorded waveforms
is now given. Either method required use of recorded valve travel position as reference
for determining the exact length of a cycle since the waveform of valve position was re-
produced exactly from cycle to cycle, whereas that of the vapor-flow rate was distorted
a varying amount from cycle to cycle. '

The trace overlay method was used to process traces where only the response of
condenser-inlet pressure relative to vapor-flow rate was available. Use of this method
was possible because the waveform of condenser-inlet pressure had a low amount of dis-
tortion. The waveform of valve position, however, was a good representation of a sinus-
oid except at very high driving frequencies and had about the same amplitude as that of
the vapor-flow rate and the inlet pressure. In the reference trace overlay method, a
sheet of tracing paper was placed over the valve position recording, and the waveform
was traced together with the cycle limits. The tracing was then overlaid on the vapor-
flow-rate waveform and adjusted to balance out the distorted area above and below this
waveform. The tracing was then taped and a carbon paper inserted underneath. A hard
pencil was used on the tracing to transfer the valve travel reference waveform. The
cycle limits were also transferred. The phase shift between the flow and the valve travel
was determined by measuring the full cycle length and the length between cycle limit
marks of the waveform relative to that of the valve travel waveform. The ratio of lengths
multiplied by 3600 was then the phase shift in degrees. The superimposed waveform was
used as a pattern, and a new slightly larger or smaller sinusoid was sketched in to match
the amplitude of the vapor-flow-rate waveform. The high and the low values of this si-
nusoid were read, and the net amplitude difference was obtained. This same procedure
was then applied to the condenser-inlet-pressure waveform. The ratio of the amplitude
of the pressure to the flow was then taken. The net phase shift was obtained by subtrac-
ting that of the pressure relative to the valve travel from that of the vapor-flow rate re-
lative to the valve travel.

The Fourier analysis method was graphical and similar to that given in reference 5.
The valve travel was used to obtain the exact length of one cycle, and the two lines cor-
responding to the start and the finish of the reference waveform were drawn perpendicu-
lar across the chart through the various distorted waveforms to be analyzed. The wave-
forms were then traced to eliminate the very high-frequency noise. The cycle limit lines
of the reference waveform were also traced. Then each waveform was divided into a
number of equal intervals between these cycle limit lines, either 72 (every 59 for long
waveforms) or 36 (every 10° for short waveforms). Only the procedure for 5° intervals
will now be described.

The height of each interval line from the zero reference base was measured and was
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recorded sequentially under a column marked ORD (ordinate) on prepared work sheets.
These work sheets also had columns marked SIN, SINORD, COS, COSORD. The sin and
cos values corresponding to each 5° interval were preprinted on each sheet under the ap-
propriate SIN and COS columns. The direct component and fundamental sinusoid values
were generally determined. The direct component value was obtained by taking one-half
of the value of the ordinate at 0° and at 360° and summing with all the rest of the remain-
ing ordinate values. The summation was divided by 72 to give the direct component value
of the waveform.

The fundamental sinusoid was first determined by multiplying the numbers in the
ORD column by the numbers given in the SIN column and recording them in the SINORD
column. Likewise, the numbers in the ORD column were multiplied by the numbers in
the COS column and were recorded in the COSORD column. Then all SINORD and
COSORD terms were summed, and a quantity R was then calculated according to the re-
lation

SINORD 2 , [cosorp 2

36 36

R =

The quantity R was then one-half the peak-to-peak value of the sinusoid. The scale fac-
tor was then applied to this value to shift back in terms of the process variable. The
phase 4 is given by

_1 ) COSORD

g=tan  —V———
Z SINORD
The resulting phase shift was relative to the reference waveform as were the rest of the
analyzed waveforms. The relative phase between any two channels was then simply the
difference between the phase of each channel relative to that of the reference waveform.
A sample recording is shown in figure 29 together with its tracings and the resultant
plots of each waveform direct component and fundamental sinusoid component as de-
termined by the Fourier analysis method.
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Figure 29. - lllustration of the application of Fourier analysis to waveforms encountered.
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